Bemisia tabaci is a complex of putative species that exhibit a strong geographical pattern. Crossing experiments have revealed various degrees of reproductive isolation between these nascent species, ranging between fertile first-generation hybrids (F1) and no F1 at all. However, the relevance of these results under natural conditions is generally not known. The worldwide invasion of the putative species Middle East-Asia Minor 1 (MEAM1) has caused secondary contacts between allopatric species, which in turn provide an opportunity to detect potential hybrids in nature. A total of 346 female B. tabaci were collected in 2003 and 2005 in the North East of Morocco and assigned to MEAM1 (119), Mediterranean (Med) (225) and a new putative species (2) using mitochondrial cytochrome oxidase (mtCOI) gene sequences. MEAM1 and Med individuals were characterized at seven microsatellite loci. MEAM1 and Med were found to be sympatric in 11 of 12 samples (6 fields/year). As previously reported from Spain, MEAM1 frequency decreased over time. The genetic data are consistent with a recent introduction of MEAM1. A Bayesian clustering analysis (STRUCTURE) distinguished two groups, which were 100% consistent with the mtCOI groups. From several lines of evidence, two individuals were identified as hybrids. Assignment profiles using NEWHYBRIDS and allele composition indicated that they were not F1 hybrids. The results are discussed in relation to the secondary endosymbiont infection status determined on a sample of individuals, and the contrasting outcomes of the reported crossing experiments between MEAM1 and Med.
Introduction
The whitefly Bemisia tabaci (Hemiptera: Aleyrodidae) ( Fig. 1) is a pest and virus vector in all warm-to-hot climate regions. A strong geographical structure of B. tabaci has been detected using various genetic markers, particularly microsatellites (De Barro 2005) , ITS1 and mitochondrial cytochrome oxidase I (mtCOI) Boykin et al. 2007 ). The high genetic differentiation between populations and biological differences with respect to host plant and reproductive incompatibility has triggered an exciting debate as to whether B. tabaci is a complex species consisting of various biotypes or races, or a species complex (Brown et al. 1995; Frohlich et al. 1999; De Barro et al. 2005) . Most recently, based on genetic and biological data, Dinsdale et al. (2010) and De Barro et al. (2011) concluded that B. tabaci is a species complex. These authors used mtCOI sequences to provide a rationale to classify previously identified individuals of B. tabaci into 11 groups containing 24 species. The species classification is consistent with crossing experiments in which mostly no reproductive compatibility could be detected (reviewed in Liu et al. [2012] ). Although this classification needs to be confirmed with other genetic markers to establish a more reliable phylogeny, the terminology derived from this classification is used here and was preferred to the usual biotype terminology because the distinctive biological features that are required to distinguish biotypes were mostly missing.
Species in nature are often incompletely isolated for millions of years after their formation (Mallet 2005) . As divergence between some putative species of B. tabaci is estimated to be within 3-4 million years (Delatte et al. 2005; De Barro et al. 2011) , hybridization may still be expected. Consistently, hybrids were obtained in seven of the tested combinations of the putative species (reviewed in Liu et al. [2012] ): Middle East-Asia Minor 1 9 Mediterranean (MEAM1 9 Med), Asia II-1 9 Asia II-3, Asia II-1 9 Asia II-7, MEAM1 9 Asia II-7, MEAM1 9 China 1, Sub-Saharan Africa 1 9 Med (S-Afr1 9 Med), S-Afr1 9 S-Afr2. Hybridization between putative B. tabaci species is detectable by generation of female progeny because whiteflies exhibit haplodiploidy consisting of male production from unfertilized eggs and female production from fertilized eggs. The F1 progenies obtained with these inter-species crosses were dominated by males (Byrne et al. 1995; De Barro and Hart 2000; Maruthi et al. 2004; Omondi et al. 2005; Xu et al. 2010) , whereas the sex ratio was nearly 50% with intra-species crosses performed as a control. The fertility of the F1 females was not formally tested except for crosses S-Afr1 9 S-Afr2, in which an F2 generation was obtained (Maruthi et al. 2004) , and for crosses MEAM1 9 Med, in which F1 females were sterile (Sun et al. 2011) . Interestingly, whereas crosses between Chinese representatives of MEAM1 and Med species generated 0-2% females (Sun et al. 2011; Li et al. 2012) , crosses between Israeli representatives did not generate any females (Elbaz et al. 2010) . Different whitefly densities and durations of observation may explain this contrasting result, but potential differences between whitefly populations in the two studies cannot be ruled out (Sun et al. 2011) . These crosses were carried out under laboratory conditions, and there are presently insufficient observations of potential crosses in natural conditions to estimate the importance of hybridization in the evolution of nascent species within the B. tabaci complex. The geographical spread of B. tabaci populations belonging to MEAM1 into many agro-ecosystems throughout the world has provided the opportunity to observe the various outcomes of secondary contacts between previously allopatric divergent populations. Besides the displacement scenario reported from the American continent (Brown et al. 1995) with complete reproductive isolation between the putative species MEAM1 and New World (Xu et al. 2010) , hybrids were detected following secondary contact of MEAM1 species and indigenous species from Australia (Austr) using isozymes profiles (Gunning et al. 1997 ) and the Indian Ocean (IndOc) using microsatellite markers (Delatte et al. 2005) . Unexpectedly, no hybrids were detected following secondary contact between MEAM1 and the indigenous species from Spain (Med) using 11 RAPD markers (Moya et al. 2001) , although the genetic distance between Med and MEAM1 with respect to mtCOI sequences is lower than the distance between MEAM1 and Austr, and MEAM1 and IndOc (Delatte et al. 2005; Dinsdale et al. 2010) , the pairs for which natural hybrids were detected. However, signatures that suggested possible hybridization between MEAM1 and Med were detected in North-American natural populations, although at very low frequency (McKenzie et al. 2012) . Thus, from a very comprehensive sampling (4647 individuals analyzed from 517 collections), only 16 were suspected to be hybrids, 15 according to esterase zymogram assays, and 1 according to two microsatellite markers which proved relatively diagnostic for the two putative species. Consistent with field results, hybrids were obtained in experimental crosses with all three pairs of species (Ronda et al. 1999; De Barro and Hart 2000; Sun et al. 2011; H. Delatte pers. comm.) indicating some reproductive compatibility with all of them, including the MEAM1 and Med species pair.
Considering the relatively low genetic distance between Med and MEAM1 and the incomplete reproductive isolation, in this study we further investigated the expected gene flow between these two putative species under natural conditions. B. tabaci populations were sampled from the North East of Morocco, where representatives of the two species have been detected previously (Tahiri et al. 2006) . A total of 346 female B. tabaci were collected in assigned to MEAM1 (119), Med (225) , and a new putative species (2) based on sequences of the mtCOI gene. MEAM1 and Med individuals were further analyzed using microsatellite markers. A Bayesian clustering analysis of the microsatellite profiles (STRUCTURE) distinguished two groups with 100% consistency with the mtCOI groups, except for two individuals identified as hybrids using complementary population genetic analyses. Hybrid detection is discussed in relation to the secondary endosymbiont infection status determined on a sample of MEAM1 and Med populations and the contrasting outcomes of reported crossing experiments between these species (Elbaz et al. 2010; Sun et al. 2011 ).
Materials and Methods
B. tabaci sampling and DNA extraction B. tabaci individuals were collected in 2003 in three regions of the North East of Morocco, that is, from west to east, the regions of Nador, Berkane, and Oujda (Table 1) . In each region, two tomato fields 5-10 km distant from each other were sampled, except in the region of Oujda where they were 30-40 km apart. Thirty individuals were collected from each field: the field was divided virtually into 30 equal plots and one female was collected from each plot. The same sampling was repeated in 2005 in the same field if it was planted again with tomato. If not, another tomato field in the neighborhood was selected. B. tabaci samples were conserved in 100% ethanol at À20°C before DNA extraction (Delatte et al. 2005) .
Distinction between MEAM1 and Med species using the mtCOI gene A total of 347 whiteflies were tested for species identity. A set of mtCOI sequences of representatives of MEAM1 and Med species (formerly biotype B and Q, respectively) were aligned to design species-specific polymerase chain reaction (PCR) primers. The two or three last 3′ positions of the designed PCR primers were 100% complementary to the set of sequences of the representatives of one species and not complementary at any of these positions to the set of sequences of the other species. The pair of primers designed to specifically detect individuals of species MEAM1 was as follow; COIB 98 5′-GCT ATA TTG ACT ATT GGT ATT C-3′ and COIB 295c 5′-TCA AAG GCC AAG AGG CCT T-3′. PCR amplification with COIB primers was conducted in a final volume of 20 lL containing 2 lL of DNA extract, 6 mmol/L MgCl 2 , 100 lmol/L of each dNTP, 0.5 lmol/L of each primer, and 1.2 U of Taq polymerase (Eurobio, Courtaboeuf, France). The amplification was carried out with the following parameters: a denaturation step at 95°C for 5 min, then 35 cycles at 94°C for 1 min, 53°C for 1 min 30 sec, 73°C for 1 min 30 sec, and a final cycle at 72°C Sequence data of the mtCOI gene were generated for individuals for which the diagnostic PCR fragments were not clearly detected. An 817 bp mtCOI fragment was amplified and sequenced following cloning (Tahiri et al. 2006 ) except for two individuals (B705, K1003) for which a 587 bp sequence was determined directly from a PCR product (Dalmon et al. 2008) . The sequences were compared to the sequences of representatives of the most related groups or species of whiteflies using the Optimal Alignment method of DNAMAN (version 5.0; Lynnon BioSoft, Québec, Canada). Sequences generated from representatives of MEAM1 and Med previously collected in Morocco (Tahiri et al. 2006) were included in the comparison. A phylogenetic tree was set up with a Jukes and Cantor distance matrix using the neighbor-joining method of DNA-MAN (Saitou and Nei 1987) . One thousand bootstrap iterations were performed. Sequences that were divergent from sequences of MEAM1 and Med representatives were compared to the 24 consensus sequences reported to be representative of 24 species at a 3.5% sequence divergence limit (Dinsdale et al. 2010) . The percentage of nt divergence was calculated with the BIOEDIT software (Hall 1999) .
Detection and molecular identification of endosymbionts
Secondary endosymbionts were detected with specific PCR primers in a sample of B. tabaci individuals representative of each identified species (Gueguen et al. 2010) . To check for DNA extraction quality, all individuals were tested for the presence of Portiera aleyrodidarum, the obligate endosymbiont. The specific primers were targeted to the 16S rRNA gene for P. aleyrodidarum, Hamiltonella, Cardinium, and Rickettsia, the 23S rRNA gene for Arsenophonus, and the wsp gene for Wolbachia.
Microsatellite genotyping
A total of 344 individuals identified as MEAM1 or Med according to the mtCOI gene were genotyped using seven previously reported microsatellite loci: 11, 53, 145, 177, Bem23, BT4, BT159 (De Barro et al. 2003; Tsagkarakou and Roditakis 2003; Delatte et al. 2006; Dalmon et al. 2008) . Two loci (BT4 and BT159) were designed from Med individuals, and five loci (11, 53, 145, 177 , and Bem23) from MEAM1 individuals. As B. tabaci is a haplo-diploid species, only females were analyzed due to their diploid state. PCR primers, amplification conditions, and allele scoring were as described previously (Dalmon et al. 2008) .
Genetic data analysis

Individual-based inferences on population structure
To assess the level of population structure, an individualbased clustering analysis was implemented using the software STRUCTURE 2.3.1 (Pritchard et al. 2000) . Assuming panmixia and the population being at Hardy-Weinberg (HW) equilibrium for each locus, this software assigned individuals to K clusters (to be set), following an iterative approach. We used the admixture model where the individual's genome may be partitioned to match the frequency distribution of alleles among the K clusters. The reliability of the K clusters partition was evaluated for K varying from 1 to 6 using the DK estimator (Evanno et al. 2005) . A total of 20 independent simulations were carried out for each K, and the length of the burn-in period and MCMC (Markov chain Monte Carlo) were set to 10,000 each. To detect putative hybrid individuals, the software was run again with the K determined to be the most reliable. Five independent simulations were done with a burn-in period of 60,000 iterations followed by 600,000 iterations.
Intra-population genetic diversity:
MICRO-CHECKER (Brookfield 1996; Van Oosterhout et al. 2004 ) was used to check microsatellite data for scoring errors and null alleles. Putative linkage disequilibrium was assessed between all pairs of loci using GENEPOP ([Raymond and Rousset 1995] ; GENEPOP on the Web available at http://genepop.curtin.edu.au/) following the Markov chain method with the default settings. P-values were combined for each locus pair across all populations using Fisher's method. In order to adjust the P-values for multiple tests for linkage disequilibrium, we used the false discovery rate (FDR) procedure (Benjamini and Hochberg 1995), which controls the proportion of significant results ("false discovery rate") instead of controlling the chance of making even a single error. The resulting adjusted P-values are called Q-values. This procedure is implemented in the R package QVALUE (Storey and Tibshirani 2003) . Mean number of alleles per locus ( A), observed heterozygosities (H O ), and unbiased expected heterozygosities (H E , calculated following Nei [1973] ) were calculated using GENETIX 4.05.2 (Belkhir et al. 2004) . To test for HW equilibrium within populations, Weir and Cockerham estimators of F IS (Weir and Cockerham 1984) were calculated using FSTAT 2.9.3.2 (Goudet et al. 1996) for each locus and overall loci. The estimation of exact P-values of the difference of F IS from 0 (departure from HW equilibrium) was tested with the Markov chain method of GENEPOP using the default settings.
Population differentiation tests
Pairwise F ST estimates were obtained using GENEPOP. A hierarchical analysis of molecular variance (AMOVA) was performed, using HIERFSTAT (Goudet 2005) , to test for geographical structure. This test was performed on eight Med populations using four hierarchical levels: individuals within populations, among populations within regions, among regions within years, and among years. Associated P-values were calculated with 10,000 permutations of the appropriate unit as advised in (Goudet 2005) . A correspondence analysis (COA) was performed using GENETIX 4.05.2 (Belkhir et al. 2004) to visualize the major axes of genetic variation within the sample, and the position of the groups and the potential hybrid individuals detected by the STRUCTURE software along these axes.
Hybrid detection
We used the NEWHYBRIDS (1.1) software that implements a Bayesian assignment approach dedicated to the quantification of hybridization events from individual multilocus genotypes (Anderson and Thompson 2002) . The strength of this method is that no pedigree information is required, allowing application to natural populations (Manel et al. 2005) . Assignments were performed considering two hybridization schemes. First, we focused on the first generation of hybridization between the parental species (MEAM1 and Med), hence assuming only three classes (the two parental classes and the F1 hybrid).
Second, we considered a more complex scheme including the second generation of hybridization, even if the detection of backcrosses may require many more loci (almost 50) that we actually amplified (V€ ah€ a and Primmer 2006). This second scheme consisted of six classes (the two parental classes, F1 and F2 hybrids and the two types of backcrosses). We used the program without any prior information on parental allele frequencies. As the Markov Chains converged rapidly, we erased the initial sweeps after a short burn-in period of 5,000 iterations. Average memberships were computed over more than 600,000 iterations after burn-in. Five independent runs were performed for each hybridization scheme (3 or 6 classes) to check consistency of the assignments.
Results
Identification of genetic groups in the sampled whiteflies based on mtCOI sequences and microsatellite profiles Using Med-and MEAM1-specific PCR primers targeted to the mtCOI gene, 225 individuals were identified as belonging to Med and 111 to MEAM1, whereas 11 exhibited nonconclusive profiles (Table 1) . Nucleotide sequence data generated for these 11 individuals revealed that eight of them belong to the West Mediterranean Q1 group (Chu et al. 2008; Tsagkarakou et al. 2012) within Med, one belongs to a distinct species of whitefly, Trialeurodes vaporariorum, and two to a new genetic group of B. tabaci that is sister to the putative "Italy" species (Fig. 2) . The sequenced mtCOI fragment of these two latter individuals shared 99.2% identity. The genetic distance between the representatives of this new group and each of the consensus sequences of the 24 putative species of B. tabaci was above the 3.5% divergence threshold characteristic of a new putative species (Dinsdale et al. 2010) . It was also above the 3.5% divergence threshold with the putative species "Ru" recently detected in Italy (Parrella et al. 2012 ). The smallest divergence was obtained with the consensus of the Italy group, with 5.5-6.4% divergence. increased from ln p(D) = À7997 for K = 1 to ln p (D) = À5611 for K = 2, where it reached a plateau at ln p(D) % À5500 up to K = 6 (Table S1 ). Accordingly, the DK index was the highest for K = 2 (DK 2 = 690), which meant that adding a cluster from K = 2 to K = 3 did not add much more to the likelihood of assignment and indicated that two was the most reliable estimation of K. All but three individuals were unambiguously assigned (assignment coefficient q > 0.9) to the two genetic clusters, which was 100% consistent with the mtCOI assignments (Fig. 3A) . Given this consistency between mtCOI profile and genetic clustering, these two clusters are subsequently denoted as Med and MEAM1 species. The coefficients of assignment to the Med species (q) lie between 0.2 and 0.7 for the three unassigned individuals (Table 1) . According to mtCOI gene sequences, two of them were of the Med type and one was the MEAM1 type.
Endosymbiont identification
Endosymbionts were detected in a sample of B. tabaci individuals representative of the three identified species (see above): 20 individuals belonging to Med, 18 belonging to MEAM1, and the two individuals of the new species. We also included the three individuals that were not assigned to MEAM1 and Med as defined by the STRUCTURE analysis (0.2 < q < 0.8) and the unique T. vaporariorum individual of the collection (Table 1 ). The obligate endosymbiont, P. aleyrodidarum, was positively detected by PCR for all 44 whiteflies tested, indicating that DNA extracts were suitable for PCR amplification. Three distinct endosymbiont species were detected in the 43 B. tabaci individuals: Hamiltonella (36/43), Wolbachia (6/43), and Cardinium (3/43) ( Table 2) . Five of the 43 B. tabaci individuals and the unique representative of T. vaporariorum were negative for all the secondary endosymbionts tested. There was no strict relationship between species identity of the individuals tested and the endosymbiont species they bore. The endosymbiont infection status did not differ significantly between Med and MEAM1 individuals (Fisher's exact test on the abundances of endosymbiont profiles, P = 0.13). Hamiltonella was the only secondary endosymbiont detected in MEAM1 individuals, whereas three distinct endosymbiont species (Hamiltonella plus Cardinium and Wolbachia) were detected in Med individuals (Table 2) . Interestingly, the two Med individuals suspected to be hybrids were of the rare C group, which exhibits an infection with Wolbachia in addition to Hamiltonella. A specific endosymbiont profile was detected in the new species with both individuals positive only for Wolbachia.
Spatial distribution and evolution over time of individuals of MEAM1 and Med species
The abundance of individuals belonging to MEAM1 species compared to those belonging to Med species (assessed from the distribution of the 341 unambiguously Figure 2 . Rooted neighbor-joining tree based on a 587-nucleotide fragment of the mtCOI gene of Bemisia tabaci. The sequences generated in this study are identified by their accession number and the code number of the corresponding whitefly (see Table 1 ). The GenBank sequences are identified by their accession number and the country where the corresponding whitefly was collected. The Western Mediterranean Q1 group and the Eastern Mediterranean Q2 group are indicated according to previous reports (Chu et al. 2008) . The scale measures the Jukes and Cantor distance between sequences. Numbers associated with nodes represent the percentage of 1,000 bootstrap iterations supporting the nodes; only percentages ≥95% are indicated. 
The results are presented according to the classification of the whiteflies as determined by mtCOI sequences and by the assignment coefficient to the two genetic groups distinguished by STRUCTURE. the Bouchtat (A) field in the region of Oujda (Fig. 4) . This trend was not detected in the Nador region, or in the Lbsara (B) field in the region of Oujda, where most individuals belonged to the Med species (maximum of four MEAM1 individuals per sampling, Table 1 ).
Genetic characteristics of MEAM1 and Med species
Overall, strong differences were detected for each locus between individuals belonging to MEAM1 species and those belonging to Med species. The number of alleles over Med individuals ranged from 5 to 26 per locus, whereas the range was from 1 to 10 for MEAM1 individuals (Table 3 ). Significant heterozygote deficiencies were detected at loci 53, Bem23, and Bt4 for Med species and at all but one locus for MEAM1 species. Locus Bt159 was monomorphic in MEAM1 species. In all, individuals of MEAM1 species were less diverse and showed a larger heterozygote deficiency compared with individuals of Med species, despite five of the seven loci were designed from MEAM1 species. Genetic analyses were subsequently carried out within four MEAM1 populations and 10 Med populations (Table 4) . Each of these 14 populations was composed of at least 10 individuals collected in the same field and in the same year. The three individuals that were unassigned with STRUCTURE were not included in the analysis. No significant linkage disequilibrium was detected across either Med or MEAM1 populations. The average allelic richness (Ar) per locus within Med populations ranged from 4.60 to 5.31 (Table 4) and was significantly higher than the average Ar within MEAM1 populations, which ranged from 2.43 to 3.31 (two-sided P-value = 0.002). The H O values of Med populations ranged from 0.4505 AE 0.2460 to 0.5655 AE 0.2392 (Table 4 ) and were significantly higher than the H O values of MEAM1 populations, which ranged from 0.1719 AE 0.1852 to 0.2286 AE 0.2430 (two-sided P-value = 0.002). The H E values of Med populations ranged from 0.5291 AE 0.2323 to 0.6127 AE 0.2037 (Table 4 ) and were significantly higher than the H E values of MEAM1 populations, which ranged from 0.2434 AE 0.3104 to 0.3061 AE 0.2718 (two-sided P-value = 0.002). For all populations, we observed H O < H E , which led to positive values of F IS . F IS values were significantly different from 0 for most populations. The heterozygote deficiency could not be attributed to any particular locus, as H O < H E for all loci (Table 3) ; H O was, however, equal to H E with the four MEAM1 populations at locus 11 because it was monomorphic for three of the four populations, and at locus Bt159 because it was monomorphic for all of them. MICRO-CHECKER analysis revealed the presence of potential null alleles in most of the populations. Slight changes in allele size during PCR (stuttering) also detectable with MICRO-CHECKER were suspected in only two Med populations (Bouareg M sampled in 2003 and 2005) for locus Bt4.
Populations of the Med species were differentiated from populations of the MEAM1 species by very high F ST values (0.431-0.512) (Table S2 ). However, genetic differentiation was low among Med populations (≤0.021) and MEAM1 populations (≤0.048). A hierarchical AMOVA was performed but only with Med populations from Oujda and Nador because the collections from all fields in these two regions and from both years contained at least 10 Med individuals (Table 1 ). The highest variance component was seen among individuals within fields (61.7%) ( Table S3 ). All the other levels correspond to very low variance components; the inter-region within years component being negative. The only component to be significant was among individuals within fields.
To test for a genetic structure within MEAM1 or Med that would not depend on the geographic sample, Bayesian clustering analysis was performed within each putative species. The likelihood of assignment for K varying from 1 to 6 did not increase substantially for MEAM1: ln p(D) = À1049 for K = 1 to ln p (D) = À1065 for K = 6. The likelihood of assignment for K varying from 1 to 6 increased very slightly for Med and no obvious break in slope was detected; ln p(D) = À4491 for K = 1 to ln p(D) = À4804 for K = 6. 
Detection and characterization of hybrid individuals
The three unassigned individuals detected with Bayesian clustering analysis (see above) may be hybrid individuals generated from crossings between MEAM1 and Med. To confirm their status, we first used a genetic COA that allows a graphical representation of the major axes of genetic differentiation within the whole collection. Although this analysis did not make use of the groups identified by the STRUCTURE software, there is a 100% correspondence between STRUCTURE assignments and the position of individuals along the first COA axis, which represents 9.55% of total genetic variation (Fig. 5) . Moreover, two of the three putative hybrid individuals detected by STRUCTURE (B705, B1105) are clearly sitting apart from and between the two clusters, whereas the remaining one (E2503) was associated with the MEAM1 cluster although closest to the Med cluster. These relative positions were consistent with the STRUCTURE assignment coefficients of these individuals, which were in the range of 0.35-0.45 for B705 and B1105 but close to 0.2 for E2503 (Table 1) . The two putative hybrid individuals classified as Med according to mtCOI sequences (B705, B1105) were revealed to have alleles that were detected only with MEAM1 individuals (private allele), for example allele 222 at locus Bem23 (Table S4) . Conversely, the putative hybrid individual E2503, classified as MEAM1 according to mtCOI sequences, was revealed to have an allele at locus 53 (141) that was private to Med individuals. Similarly, some of the other alleles of the putative Med hybrids were detected frequently in MEAM1 but rarely in Med (for example allele 267 at locus BT159) and vice versa for the MEAM1 hybrid. The fact that individual (Nei's estimation) and standard error across loci (SE) as determined with GENETIX application. F IS and Ar as determined with FSTAT application. P(F IS ) as determined with GENEPOP application after 10,000 permutation tests (*P < 0.05; **P < 0.01; ***P < 0.001). B1105 was homozygous for a private allele at locus 11 and individual E2503 was homozygous for private alleles at loci 11, MS145, Bem23, and 53 (Table S4) , suggests they are not F1 hybrids. Overall, the assignment profiles provided by NEWHYDRIDS were very close to those conferred by STRUCTURE analysis (Fig. 3) , but helped to characterize further the hybrid status of these three individuals (B705, B1105, and E2503). Assuming three classes (two parental groups plus F1 hybrid) NEWHYBRIDS analysis inferred indisputably that two individuals (B705, B1105) were hybrids (Fig. 3B) . The analysis based on a more complex hybridization scheme (Fig. 3C ) revealed that individual B1105 would be a F2 hybrid, in accordance with its homozygous allelic status at several loci (Table S4) . Classification of individual B705 is less clear (somehow intermediate between F2 and Med backcross), maybe because it would result from a third generation after initial hybridization. Likewise, individual E2503 was found to have a part of its genome assigned to the F2 hybrid class, but with the majority of its genome assigned to the MEAM1 species.
Discussion
Based on genetic and biological data it was concluded previously that B. tabaci is composed of at least 24 morphologically indistinguishable species (Dinsdale et al. 2010; De Barro et al. 2011) . Although inter-species crossing experiments showed that several of these putative species, including MEAM1 and Med, can generate F1 hybrids (reviewed in Liu et al. [2012] ), there are presently insufficient data to assess the evolutionary consequences of these crossings in nature, particularly when one of these putative species invades a region occupied by another. Therefore, as MEAM1 has reportedly invaded the North East of Morocco, which was occupied by Med (Tahiri et al. 2006) , we analyzed the genetic structure of 346 B. tabaci individuals sampled in 2003 and 2005 in this region. Our results confirmed that MEAM1 and Med were present in this region. Moreover, barring the field sampled in Lbsara in 2005 (B05), representatives of both species were detected within all fields, which is an indication that inter-species contacts were apparently not a limiting factor for potential inter-species crossings. With the exception of the three unassigned individuals, the mtCOIbased distinction between MEAM1 and Med individuals was 100% consistent with the two groups distinguished by Bayesian clustering analysis, revealing high reproductive isolation between MEAM1 and Med, and supporting their proposed separation as two distinct species (Dinsdale et al. 2010; De Barro et al. 2011) . Among the three unassigned individuals, two were indisputably hybrids according to several lines of evidence: (i) their shared ancestry to the two species assessed with STRUCTURE; (ii) the fact that they mix private alleles from both species; and above all (iii) the results of the dedicated NEWHYDR-IDS analysis, which clearly revealed these individuals to be the progenies of MEAM1-Med inter-species crossings.
Identification of a new putative species within the Bemisia tabaci species complex
Among the 346 B. tabaci individuals identified in this study, two did not belong to the previously reported MEAM1 and Med species. Neither did they belong to any of the 24 species distinguished according to the 3.5% divergence threshold (Dinsdale et al. 2010) . Consistently, no amplification product was detected with mtCOI primers designed to specifically detect MEAM1 and Med individuals. Members of the species "Italy", to which they are most closely related, were isolated on Euphorbia characias, and their progeny could not be reared on tomato -a plant species on which the adults did not survive for more than 10 days (Simon et al. 2003) . It is therefore likely that the two sampled individuals of this new putative species were not generated on tomato plants but landed accidentally on the sampled tomato field. Further samplings are needed to detect plant species that allow progeny development of this newly identified putative species. The two representatives of the new putative species were positive only for Wolbachia -an infection status that is extremely rare in the Mediterranean but is easily detected in Cambodia (Chiel et al. 2007; Gueguen et al. 2010) . Interestingly, the Italy species, to which this new putative species is most related, is sister to Asian species according to mtCOI comparisons (Boykin et al. 2007; Dinsdale et al. 2010) . Other representatives of the new putative species in Morocco as well as representatives of the species "Italy" should be tested for their endosymbiont infection status to test if this particular infection with Wolbachia is inherited from a common ancestor of Asian and Mediterranean B. tabaci populations. Based on a global mtCOI-tree showing a sister relationship between the Italy species and Asia species, it was suggested that this phylogeographical inconsistency was due to human movement from Asia (Boykin et al. 2007 ). However, the detection of a second putative species from Italy -Ruwhich is, together with "Italy", basal to the clade including the putative species from Asia and Australia, has suggested an alternative possible origin of the Asian/ Australian populations of B. tabaci from ancient introduction of whiteflies from the European continent (Parrella et al. 2012) . The detection of representatives of a putative species from Morocco that is most closely related to "Italy" is consistent with a Mediterranean origin of all these recently detected putative species related to Asian species. The fact that one representative of this new putative species was detected in 2003 in Oujda, the most eastern region of the sampling area, and the other in 2005 in Nador, the most western region (Table 1) suggests that this new putative species was not introduced recently into Morocco but might indeed be indigenous to Morocco. We therefore propose to name the new putative species identified in this study "Morocco".
MEAM1 was introduced recently in Morocco
The average Ar per locus in Med populations was significantly higher than those in MEAM1 populations (Tables 3 and 4) , which is consistent with a more ancient settlement of Med in Morocco compared with MEAM1 as previously suggested according to the geographic distribution of MEAM1, which was, unlike Med, detected only in the North East of the country (Tahiri et al. 2006) . The endosymbiont infection status determined for a sample of B. tabaci individuals distinguished MEAM1 and Med at the population level, as previously shown with other MEAM1 and Med samples (Gueguen et al. 2010 ).
The unique endosymbiont species detected on MEAM1 individuals compared to the three distinct species on Med was consistent with the suggested recent introduction of MEAM1 in Morocco and with an older settlement of Med. MEAM1 was already detected in 2001 in the region of Nador and Berkane from several host species and was found to be the dominant species in the small sample analyzed (10 MEAM1/1Med) (Tahiri et al. 2006 (Liu et al. 2007 ). The Moroccan results are apparently more consistent with the Spanish situation where after a period of coexistence with MEAM1, the indigenous Med became the only species detected in the Iberian Peninsula in surveys conducted after the year 2000 (Simon et al. 2007 ). MEAM1 was reported to have a higher fitness than Med under laboratory conditions (Pascual and Callejas 2004) . The lower fitness of MEAM1 relative to Med in two distinct environments, that is, Spain (Simon et al. 2007 ) and apparently Morocco (this study), indicate that fitness tests carried out under laboratory conditions are not necessarily relevant to predicting the outcomes of competition in the more complex natural environment where for example insecticides may play crucial role in affecting the distribution and frequency of whitefly species across regions (Crowder et al. 2010) .
Geographic structuring
As expected from putative species, the F ST between MEAM1 and Med is high, up to 0.5. On the contrary, the F ST between the geographic populations within each species was very low, which is indicative of relatively long distance migrations, even between the most distantly sampled regions of Oujda and Nador (~100 km apart). Consistently, most of the genetic diversity of the Med populations analyzed with AMOVA was detected within fields. Contrary to our expectations, the mountain (Mallet 2005; Liu et al. 2012) and are consistent with the hybrids previously obtained between MEAM1 and Med under experimental conditions (Ronda et al. 1999; Sun et al. 2011 ).
According to NEWHYBRIDS analysis, none of the hybrids were from an F1 generation, suggesting that F1 hybrid females were fertile within the natural populations of North East Morocco. Fertility of F1 females is likely to be rare, as suggested by experimental crosses between Chinese populations revealing that none of 57 F1 hybrid females tested were fertile (Sun et al. 2011 ). However, it may be possible that the Moroccan MEAM1 and Med populations were more compatible with generating fertile hybrids than the Chinese populations due, for example, to potentially better heterospecific protein interactions (Servedio 2001) or to a particular endosymbiont infection status of some individuals. It was indeed noted that the two putative hybrids derived from Med females belonged to a minor group of Med individuals that were positive for Wolbachia detection. However, it is not known how Wolbachia may have an effect on fertility, if any. It was also suggested that once a fertile F1 hybrid is generated in nature, the backcrossing to one of the parental putative species is apparently much more straightforward because the genetic gulf to be traversed is thought be halved (Mallet 2005) . The two Med hybrids were detected in the only field where no MEAM1 representatives were found, which is apparently surprising but not unexpected because the hybrids were not from an F1 generation. Consistently, MEAM1 individuals were detected in the same field or at least in a neighboring field 2 years before.
The detection of fertile hybrids between MEAM1 and Med needs to be confirmed because it can presently not be excluded that alleles thought to be private to one species, and which reveal putative hybrids, may be detectable in other species but at an extremely low frequency. The available data suggest, however, that a limited gene flow between MEAM1 and Med still exists and that it may contribute to the evolution of the nascent Med and MEAM1 species by hybridization. Crossing experiments between Israeli representatives of MEAM1 and Med did not produce any hybrids (Elbaz et al. 2010 ) whereas F1 hybrids were obtained with Spanish and Chinese representatives (Ronda et al. 1999; Sun et al. 2011) . As previously suggested (Sun et al. 2011 ), these contrasting results may be explained by potential differences between the whitefly populations used in the two studies. This explanation may be particularly relevant for the populations used for the Med parents. Indeed, the Israeli Med populations with which no hybrids were obtained belonged to the Eastern Mediterranean Q2 group (Elbaz et al. 2010) , whereas the Spanish and the Chinese Med populations with which F1 hybrids were detected were from the Western Mediterranean Q1 group (Chu et al. 2008; Tsagkarakou et al. 2012) . Consistently, the Moroccan Med populations in which putative hybrids were detected were from the Q1 group (Fig. 2) , a group which was also present in North America where hybrids were suspected (McKenzie et al. 2012) . It is noteworthy that Q1 and Q2 could be distinguished not only by their mtCOI sequences but also by their endosymbiotic communities, including some species known to cause reproductive manipulations in arthropods: Wolbachia, Rickettsia, and Arsenophonus (Chiel et al. 2007; Gueguen et al. 2010) . The fact that no hybrid was detected in field populations of MEAM1 and Med of the Q1 group in Tunisia may be due to the fact that spatial overlap between the two putative species is very rare (Saleh et al. 2012) . It is worth noting that, under experimental conditions, the success of cross mating between MEAM1 and Med was indeed shown to depend on the distance between individuals according to the size of the cages (Li et al. 2012) . The contrasting degrees of genetic isolation between Med and MEAM1 may also be explained by various durations of MEAM1 and Med secondary contact following allopatric speciation. The reinforcement process may be more advanced in Israel (no hybrids detected) (Elbaz et al. 2010 ) than in China and Morocco (hybrids detected) because contact between MEAM1 and Med is thought to have lasted for longer in Israel (at least since 1991 [Horowitz et al. 2003 ]) than in China (Chu et al. 2006) and Morocco (Tahiri et al. 2006) , where the first simultaneous presence of the putative species was detected after 2000. To check this hypothesis, the degree of genetic isolation between naive MEAM1 and Med representatives that have never come into contact with each other should be determined and compared with that of representatives that have already experienced secondary contact for some time.
Although we provide evidence of a gene flow between Med and MEAM1 in field conditions, the ecological significance of this MEAM1 and Med hybridization is presently not known and should direct future research. However, testing the viability of natural hybrids is very challenging because it would need to be able to spot the rare hybrids with a nondestructive technique. The ecological consequences of hybridization may also be addressed by testing if such hybrids will still be detected in this area in the coming years. Table S1 . Inference of the number of cluster(s) (K) that best explains the population structure of the Bemisia tabaci samples. For each tested value of K, we report the mean and standard deviation (SE) of the logarithm of the posterior probability distribution of the allele frequencies (X) given the number of clusters [Ln Pr(X|K)] and the DK index values (Evanno et al. 2005) , both calculated over 20 simulation runs. Table S2 . Differentiation between populations. Table S3 . Hierarchical analysis of molecular variance. Table S4 . Allele composition of the three Bemisia tabaci individuals that were not assigned (assignment coefficient <0.8) to the two genetic groups as defined by STRUCTURE analysis. For each locus, the sizes of the alleles detected for each individual are indicated. If the alleles were detected only in one species and not in the other one (private allele), they are indicated in bold and the line below specifies if they were private to Med (Md) or to MEAM1 (ME). Alleles that are relatively more frequent in one species compared to the other one are in plain text and the line below specifies if it is more frequent in Med (Md) or MEAM1 (ME). Alleles similarly frequent in both species are indicated as "-" in the line below. "Null" stands for "null allele" which means that no amplification product was detected.
